ABSTRACT: Polydora and related genera are common pests for molluscs. Establishing differences between native species and recent invaders provides the basis for understanding the effect of parasites and has implications for resource management. P. biocipitalis has been reported as a recently introduced species to the Chilean-Peruvian coast, raising concerns about its threat to native bivalve species. In contrast, studies on the infestation of P. bioccipitalis on the surf clam Mesodesma donacium, one of the most important species for shellfisheries, suggest a long-term parasitic relationship. The present study analyses infested (i.e. blistered) fossil shells of M. donacium deposited during the Holocene and Middle Pleistocene epochs and critically reviews evidence supporting the hypothesis of the recent introduction of P. bioccipitalis to the Chilean-Peruvian coast. The blistering pattern seen on fossil and recent shells can be considered species-specific for the infestation of M. donacium by P. bioccipitalis. No evidence was actually found on vectors, introduction pathways or distribution range to support the status of P. bioccipitalis as an introduced species. On the contrary, our findings point to a long-term association, at least for several hundred thousand years, between M. donacium and P. bioccipitalis.
INTRODUCTION
Spionid worms of the genus Polydora and related genera, commonly termed polydorids, are the most common parasitic boring polychaetes and are distributed worldwide (Lauckner 1983 , Martin & Britayev 1998 , Ruellet 2004 . First described in the late 1800s, their ability to bore into calcareous substrates has labelled polydorids as pests on cultured and wild commercially important molluscs (Handley 1995 , Lleonart et al. 2003 , Simon et al. 2006 . International shipping activities and aquaculture are well-recognized means that disperse species beyond their native regions (Naylor et al. 2001 , Castilla et al. 2005 . The current development of aquaculture in Chile focuses on several introduced species (e.g. salmon, abalone, oyster) which harbour pathogens that can affect the native fauna (Buschmann et al. 1996) . There is evidence of the accidental introduction of polydorid worms as a result of importing abalone brood stocks (Radashevsky & Olivares 2005) . Recently a study showed that 6 polydorid species are non-indigenous species (NIS, sensu Carlton 1996) invading Chilean waters (Moreno et al. 2006) . The accelerating invasion of marine systems by NIS has become a subject of environmental concern, because they act as stressors, which affect native species, community structure and function as well as ecosystems (D'Antonio & Vitousek 1992 , Orensanz et al. 2002 .
While it is clear that human activities are continuously enhancing the natural dispersal processes of some species (e.g. McKinney & Lockwood 1999) , establishing a time frame of parasitic relationships of potentially invasive species is a crucial step for understanding their long-term natural ability to expand their populations. Unfortunately, the reporting of parasitism in the fossil record, particularly invertebrate parasites, is scarce (Huntley 2007) and this lack of knowledge gives rise to misinterpretations about the introduced or native origins of parasites.
In this study, we report the case of Polydora bioccipitalis (Blake & Woodwick 1971) , which has been included in the group of polydorid NIS invading Chilean waters, thus raising concerns about the threat for native and commercial mollusc species (Moreno et al. 2006) . The surf clam Mesodesma donacium (Lamarck 1818), one of the most important species for artisanal fisheries of Chile and Peru (McLachlan et al. 1996 , Thiel et al. 2007 , is commonly infested with P. bioccipitalis (Blake 1983) . Recent studies have implied that a parasitic association exists with a certain degree of coadaptation, which is inconsistent with the classification of the polydorid as a NIS. First, experimental data showed that the strong infestation significantly affected the growth rate, body condition and digging time of the host (Riascos et al. 2008) . In addition, a size-related pattern of mortality in the field revealed that heavily infested clams are more likely to die under environmental stress (Riascos 2009). On the other hand, the reproductive strategy of P. bioccipitalis seems to be closely related to the life history traits of M. donacium (Olivares 2006) .
As invasive species pose specific and resource-consuming management needs, resolving whether the polydorids are of an introduced or native origin is important in the context of rising global demand for healthy seafood. To this end, the present study aims to (1) report trace fossils in Mesodesma donacium shells in several fossiliferous deposits from Chile, (2) comparatively analyse the blistering pattern of fossil and recent shells of M. donacium as evidence for the long-term existence of the Polydora bioccipitalis-M. donacium association, and (3) review the evidence that will define the status of P. bioccipitalis as a native or NIS.
MATERIALS AND METHODS
Fossil shell valves of Mesodesma donacium (N = 183) were collected at 3 fossiliferous coastal deposits north of Antofagasta (Michilla, 22°43' S, 70°16' W; Chacaya, 22°57' S, 70°18' W; Las Lozas, 23°28' S, 70°28' W), and at Los Porotitos (29°48' S, 71°17' W) near La Serena (Fig. 1) . These deposits correspond to well-preserved sequences of sediments associated with marine terraces formed during high sea stands of the last interglacial periods (marine isotopic stages). The age of each fossiliferous deposit was determined by using a combination of geochronological and geomorphological approaches (Radtke 1989 , Leonard & Wehmiller 1991 , 1992 , Ortlieb et al. 1995 , 1996 Table 1 ).
For comparison purposes, recent Mesodesma donacium shells (N = 665) collected at Hornitos (22°54.99' S, 70°17.42' W, Fig. 1 ) between May 2005 and April 2006 were analysed. For both fossil and recent shells, the anterior-posterior shell length (SL) was measured to the nearest 0.5 mm and the presence and location of blisters were recorded. Blisters were exposed by fracturing the walls with a scalpel and hammer to uncover internal features. Fossil and recent shells analysed are deposited at the Institut de Recherche pour le Dévelop-ment (IRD)-Universidad de Antofagasta Paleontological Collection (Antofagasta, Chile) and selected specimens were deposited at the Museo Nacional de Historia Natural de Chile. A variance ratio test (Zar 1999 ) was used to test for differences between SL variance of blistered fossil and recent shells. The Shapiro- Wilks test was used to assess normality of each data set, as needed to meet the assumptions of this test.
RESULTS
Ages of fossil Mesodesma donacium shells from coastal deposits varied from the Holocene (6725 to 6990 yr BP) at Michilla to the Middle Pleistocene (120 000 to 330 000 yr BP) at Chacaya, Las Lozas and Los Porotitos (Table 1 ). The polydorid infestation of M. donacium was apparent exclusively in the formation of mud blisters (sensu Blake & Evans 1973) in the inner shell surface, with no signs of burrowing on the exterior shell surface, as is commonly observed for most polydorid infestations. The blistering pattern of both fossil and recent shells was identical and specific: blisters were about the same size (8 to 23 mm wide and 13 to 48 mm long) and were exclusively located near the posterior shell margin, surrounding the posterior adductor muscle insertion and the paleal sinus (Fig. 2a,b) . Moreover, blisters were formed in a progressively large series (Fig. 2c ) of up to 8 blisters in larger clams. Earlier (smaller) blisters were consistently located near the dorsal margin, while blisters that formed later (larger) were located near the ventral margin (Fig. 2c) . Blisters are generally pear-shaped, with the narrow end communicating with the outside at the posterior shell margin.
Blisters of recent shells were filled with detrital material deposited by the polychaete, which builds a U-shaped detrital tube inside the blister. Tube openings communicate with the outside of the shell (Fig. 2c) allowing the worm to feed near the inhalant current of the clam. The continuous back and forth movement of the worm along the detrital tubes commonly produces a scar in the internal blister wall, revealing the position of the U-shaped detrital tubes inside the blister. No traces of internal detrital tubes were recorded in fossil blisters, but U-shaped scars were evident and comparable with those of recent shells (Fig. 2a,b) , which allowed estimates of worm lengths (~32 to 38 mm) and diameters (~0.8 to 1.0 mm) to be calculated. These estimates corresponded with measurements of living Polydora bioccipitalis (Fig. 2b) .
Overall, the infestation (i.e. recordable blisters) of fossil and recent shells was restricted to larger shells (SL > 32 mm) as shown by the size-blister distribution (Fig. 3) . Blistered fossil shells ranged between 43.7 and 105.6 mm, whereas recent infested shells ranged from 34.0 to 96.0 mm. The variance ratio test showed no differences in SL variance between blistered fossil and recent shells (F 25,192 Table 2 therein) and extensive literature research revealed a different distribution range of P. bioccipitalis, which is restricted to the eastern coast of North and South America (Fig. 1) . Polydora bioccipitalis was first described by Blake & Woodwick (1971) Bertrán et al. (2005) . According to these authors, the gastropods mentioned are only infested by P. rickettsi, Dipolidora huelma and D. giardii. Although discontinuous (Fig. 1) , the observed geographic distribution range of Polydora bioccipitalis cannot be considered incongruous. At least 3 spionid species (P. cirrosa, P. rickettsi, and Boccardia tricuspa) present a similar distribution pattern in western South and North America (Blake 1983 , Ruellet 2004 ). This may reflect the fact that while the northern (42 species from California) and southern (19 species from South America) spionid fauna has been relatively well sampled and described, the coastal tropical regions of Latin America have been neglected (2 to 6 species) (Ruellet 2004 , Fig. 38 therein) . Interestingly, Kern et al. (1974) reported fossil spionid tubes in gastropod shells occupied by hermit crabs found in the Pliocene and Pleistocene strata of California and Baja California similar to those constructed by P. commensalis and P. bioccipitalis. This, and the trace fossils described here from Middle Pleistocene deposits, suggest that P. bioccipitalis has been present at both ends of the distributional range for a long time.
Studies on the relationship between the boring activity of polydorid species and their habitat have demonstrated that burrowing patterns are species-specific (Sato-Okoshi & Okoshi 1997 , SatoOkoshi & Takatsuka 2001 . Three main types of polydorid burrows in bivalve shells have been well described by Blake & Evans (1973) : (1) surface fouling, which occurs when the worm settles on a surface and builds a detrital burrow, but does not penetrate; (2) U-shaped burrows that penetrate the structure of the shell, the basic pattern typical of Polydora shell infestations; and (3) mud blisters, which result when the worm reaches the inner surface of the shell, either by crawling between the mantle and the inner shell surface or by shell penetration, and the host secretes new shell layers to isolate the worm. Concurrently, the worms fill the newly formed space with loose mud and then compress it, leaving U-shaped detrital tubes that communicate with the exterior. Although surface fouling by P. bioccipitalis has been observed during early infestation stages on juvenile Mesodesma donacium (Riascos et al. 2008) , direct shell excavation by the polychaete was never observed. Evidence of the infestation in fossil and recent shells consisted exclusively of a rather specific and serial blistering pattern (Fig. 2) .
Single mud blisters have been frequently reported in bivalve shells infested by polydorids (see revisions by Blake & Evans 1973 , Lauckner 1983 , Martin & Britayev 1998 and references therein). However, the shell blistering pattern observed in Mesodesma donacium infested by Polydora bioccipitalis presents distinctive structural features not previously reported and, therefore, can be considered species-specific. First, a series of blisters is formed in response to an infestation. Second, blisters are consistent in form and location, allowing one or more worms to nourish in the feeding current generated by the clam. Third, although worms of the genus Polydora are known for their ability to bore (Blake 1969 , 1980 , Blake & Evans 1973 , blisters of M. donacium shells are formed without evidence of boring activity. In addition, no differences were found in the SL range between blistered (i.e. infested) fossil and recent shells (Fig. 3) . The shell size range, in which the infestation takes place, is a distinctive feature of the association between the 2 species, as the infestation of juvenile M. donacium depends on ontogenetic changes in shell morphology that increase the susceptibility to infestation (Riascos et al. 2008) . It is often difficult to assign taxonomic identity to species producing trace fossils, as evidence of life activities rather than soft tissues are being considered (Cameron 1969 ). However, the singularity of the described shell blistering, the similarity of the blister characteristics in fossil and recent shells and the fact that P. bioccipitalis is the only known polychaete associated with M. donacium (Blake 1983 , Moreno et al. 2006 , Riascos et al. 2008 strongly suggest that blisters in fossil shells were produced due to P. bioccipitalis infestations.
In conclusion, our findings strongly imply a longterm association, at least since the Middle Pleistocene (120 000 to 330 000 yr BP), between Mesodesma donacium and Polydora bioccipitalis and indicate that this spionid worm was not introduced by human activity to the Chilean-Peruvian coast. 
